transcript affects the production of the cellular fau 16 and thus might have an indirect effect on the 83 ribosome biogenesis. 84 85 The remainder of the virus-encoded ribosomal proteins -S21, L9, L7/L12 and S30AE -was found in 86 bacterial viruses (bacteriophages) infecting proteobacterial (from 3 different classes) and mycobacterial 87 (phylum Actinobacteria) hosts ( Table 1 ). The S21 homolog was identified in pelagiphage HTVC008M, a 88 myovirus. S21 is a conserved component of the bacterial 30S ribosomal subunit (Figure 1a ) required for 89 the initiation of polypeptide synthesis and mediates the base-pairing reaction between mRNA and 16S 90 rRNA 17 . The viral protein was most similar (54% identity over the protein length) to the corresponding 91 protein of its host, Pelagibacter ubique (Figure 1b) , an abundant member of the SAR11 clade (class 92
Alphaproteobacteria), which is considered to represent one of the most numerous bacterial groups 93 worldwide 18 . Maximum likelihood phylogenetic analysis strongly suggests that the phage gene was 94 horizontally acquired from the Pelagibacter host ( Figure 1c ). 95 96
Ribosomal protein L9 was identified in Mycobacterium phage 32HC, a siphovirus. L9 binds to the 23S 97 rRNA and is a component of the large 50S ribosome subunit ( Figure S3A ). The protein is involved in 98 translation fidelity and is required to suppress bypassing, frameshifting, and stop codon "hopping" 19 . L9 99 has a highly conserved architecture consisting of two widely spaced globular domains connected by an 100 elongated α-helix 20 . While the viral L9 homolog contains the N-terminal globular domain and part of the 101 α-helical spacer, the C-terminal part has been apparently non-homologously replaced with sequence 102 that lacks known function ( Figure S2b ). 103 104
The next ribosomal protein encoded in sequenced viral genomes was L7/L12, which was found in 7 105 phages infecting proteobacteria from 3 different classes (Table 1 ). L7 is equivalent to L12 except for the 106 acetylation at the N-terminus, hence the two proteins are often collectively referred to as L7/L12 21 . The 107 L7/L12 proteins participate in the formation of the so-called L7/L12 stalk, a clearly defined 108 morphological feature in the E. coli 50S ribosomal subunit, which besides L7/L12, contains ribosomal 109 proteins L10 and L11 as well as the L10-and L11-binding region of the 23S rRNA 21 ( Figure S3A ). The 110 phage-encoded L7/L12 domains are similar (~50%) to bona fide cellular ribosomal homologs, as well as 111 conserved residues involved in interaction with L11 and elongation factors EF-G and EF-Tu ( Figure S4a ). 112
Although in some phages (e.g., Ralstonia phage RSB3), the L7/L12 domain spans the entire protein, it 113 was more common that these domains were variably positioned within much larger polypeptides (up to 114 724 aa-long; Figure S4b ). Interestingly, searches seeded with sequences flanking the L7/L12 domain in 115 phage proteins resulted in identification of multiple phage homologs which specifically lack the L7/L12 116 domain ( Figure S5 ). For example, proteins encoded by Salmonella phages FSL_SP-058 and FSL_SP-076 117 contain the L7/L12 domains, whereas homologous protein from Escherichia phage Pollock lacks this 118 domain, despite conservation of the upstream and downstream regions ( Figure S5 ). Furthermore, in 119 different phage genomes, L7/L12 proteins were encoded within widely different genomic contexts 120 ( Figure S1 ). These observations suggest that L7/L12 domain has been acquired by different phages on 121 multiple, independent occasions, with some of these genes possibly being fixed in the phage genomes. 122 123
The last ribosomal protein encoded in sequenced viral genomes were S30AE domain-containing 124 proteins, which were encoded by 7 phages infecting Cronobacter and E. coli (six closely related phages 125 with 92-97% average nucleotide identity) ( Figure S6 ). S30AE proteins are expressed during stasis and 126 under unfavorable growth conditions. S30AE proteins binds ribosomes to stabilize 100S dimers that 127 inhibit translation to enable cells to control translational activity without costly alteration of the 128 ribosomal pool 22 . Multiple sequence alignment shows high conservation of the viral and cellular S30AE 129 homologs ( Figure S7 ), suggesting that the gene transfer has occurred in a relatively recent past. In the 130 S30AE phylogeny, homologs from E. coli phages cluster amidst gammaproteobacterial sequences. By 131 contrast, the more divergent protein encoded by Cronobacter phage clusters with sequences from 132 members of the phylum Firmicutes, though this association is confounded by potential long-branch-133 attraction artifact ( Figure S8 ). 134 135
To place these findings of cultivated virus-encoded RPs into broader ecological context, we searched 136 424,225 viral contigs from two global viral metagenomic datasets 8,23 for putative RPs using the same 106 137 sequence profiles (see Materials and Methods). Overall, 14 putative ribosomal protein genes were 138 identified across 1,403 contigs ( Figure 2 , Table S2 , Figure S3B ). S21, L7/L12 and S30AE, which were 139 found in cultivated phages, were also detected in uncultivated phages, with S21 homologs dominating 140 (88%) the pool of RPs detected ( Figure 2 , Table S2 ). While found in only one cultivated phage (see 141 above), maximum likelihood phylogeny and genome context comparison using these metagenomic data 142
suggested that at least 7 virus-host exchanges of S21 protein-coding genes have occurred, and across 143 multiple bacterial phyla (Figure 2 , Figure S9 ). Notably, S21-encoding viruses were almost exclusively 144 from aquatic samples (90% of S21s detected). Such repeated transfers and enrichment in aquatic 145 samples suggest that virus-encoded S21 proteins likely can provide a direct fitness benefit to aquatic 146 bacteriophages. By contrast, L7/L12 and S30AE were found across a broad range of samples (Figures 2,  147 S6, S10), suggesting that their repeated acquisition could be beneficial in multiple types of conditions 148 and hosts. 149 150
Additionally, however, we identified another 11 RPs in uncultivated viruses that were not identified in 151 the isolate genomes (Table S2 ). Notable among these, due to being commonly (>10 viral contigs) 152 detected, are L31 and L33. Although the biological function of L33 remains obscure 24 , it appears to 153 contact tRNAs in the ribosomal E(exit)-site 25 , whereas L31, similar to S30AE, plays a role in 100S 154 formation, 70S association, and translation 26 . As in the case of S21, viral contigs encoding L31 or L33 155
were almost exclusively detected in aquatic environments ( Figure 2 ). Maximum likelihood phylogenies 156 and genome context comparisons highlighted a consistent pattern of at least 2 independent events of 157 virus-host transfers involving viruses infecting different bacterial phyla (Figures S10 and S11). 158 159
Thus, at this point, there is an emerging picture that viruses might randomly sample host DNA, including 160 ribosomal protein genes, and that in some cases these might become fixed in viral genomes. Most 161 (>99%) of the viruses contained only a single ribosomal protein gene (exception: 9 uncultivated viral 162 contigs contained 2; Figure S12 ), which is clearly not enough for viruses to build functional ribosomes on 163 their own. Presumably, these viruses are merely tweaking ribosomal functioning in their hosts -just as 164 observed for auxiliary metabolic genes whereby viruses do not encode complete pathways, but instead 165 only select genes critical for the takeover and/or reprogramming of the host cell 6 involved in suppression of frameshifting. In many members of Caudovirales production of certain tail 177 components is dependent on programmed translational frameshifting 28 and viral copy of L9 might help 178 to achieve optimal frameshifting in these genes. It has been demonstrated that stalling of phage protein 179 synthesis is one of the major defense strategies in Bacteroidetes 29 . Thus, viral homologs of S30AE and 180 L31 might compete with the cellular homologs and prevent formation of ribosome dimers, thereby 181 releasing translation inhibition and ensuring that phage transcripts are efficiently translated.
183
Given what seemed to be reasonable explanations for why viruses might benefit from encoding such 184 genes, we next investigated whether virus-encoded ribosomal protein genes appeared functional. Thus, 185
we calculated the ratio of nonsynonymous polymorphisms per non-synonymous site (pN) to the number 186 of synonymous polymorphisms per synonymous site (pS). This ratio can be used to infer whether genes 187 are evolving neutrally (pN/pS=1) or positively (pN/pS>1) away from the original function, or whether 188 such substitutions are largely not tolerated due to purifying selection (pN/pS<1) that would suggest the 189 gene was functional. These analyses suggested that the vast majority of the viral-encoded RPs were 190 likely functional as well-sampled genes (>10x coverage, and ≥1 single nucleotide polymorphism, or SNP) 191
had an average pN/pS=0.10, with 84% having a pN/pS≤0.20 (Table S2) . 192 193
To build on these in silico functional assays, we next explored whether the viral proteins are 194 incorporated into ribosomes, by focusing on 3 RPs encoded by cultivated phages and most frequently 195 detected in uncultivated phage genomes ( Figure 2 ). These were pelagiphage-encoded S21, L7/L12 from 196
Salmonella phage FSL SP-076, and S30AE from Escherichia coli phage rv5. Following moderate and 197 controlled expression of the respective viral proteins, 70S ribosomes were isolated under high-198
stringency salt conditions (see Materials and Methods) to avoid unspecific association of viral proteins 30 . 199 Judging from the obtained ribosome profiles ( Figure 3A ) and transmission electron microscopy ( Figure  200 3B), expression of the viral proteins did not affect the 70S stability. All examined samples nearly 201 exclusively contained 70S monoribosomes. Subsequent mass spectrometry (MS) analysis of the 70S 202 ribosomes purified on the sucrose gradients unequivocally showed that S21 and L7/L12 ( Figure 3C , 203 Supplementary Table S4 and S5), but not S30AE ( Supplementary Table S6 ), were stably incorporated into 204 the 70S ribosomes when expressed in E. coli. Notably, S30AE was detected using MS in the crude cell 205 extracts ( Figure 3C , Supplementary Table S7 ), indicating that lack of its incorporation into ribosomes is 206 not due to poor protein expression, but may rather result from other factors, such as inadequate growth 207 phase, genuine loss of ability to bind to ribosomes or dissociation due to stringent washes with salt 208 during 70S ribosome isolation. Regardless, binding of viral S21 and L7/L12 to ribosomes strongly 209
suggests that these and possibly other viral RPs modulate protein translation during phage infection. 210 211
In summary, this work builds upon prior discoveries of aminoacyl-tRNA synthetase genes encoded by 212 giant viruses (family Mimiviridae) 11,12 . Our current work shows that even ribosomal proteins are encoded 213 by numerous cultivated and uncultivated viruses with relatively small genomes, and offers support for 214 them having an evolutionary fitness advantage for viruses during infection. Interestingly, virus-encoded 215
RPs appear to be differentially selected for across environments as aquatic viruses are enriched for S21, 216 L31 and L33, whereas phages of animal-associated bacteria are enriched for S6, S9, S15 and S30AE. 217
Curiously, although ribosomes are highly stable macromolecular assemblies which retain most of their 218 original components during cellular growth and division 31 , some elements (proteins S21, L7/L12, L9, L31 219 and L33) are highly dynamic, solvent accessible, and among the few proteins that are loosely bound to 220 the ribosome and can be exchanged in vivo between ribosomes 31,32 . It is these dynamic ribosomal 221
proteins that are enriched in viruses, which presumably is because they are most suited to homologous 222 replacement during infection and therefore of a functional fitness advantage during phage evolution. 223
Analogously, modulation of photosynthesis as well as nitrogen and sulfur cycles in infected cells hinges 224 on a handful of key proteins captured by viruses from their respective hosts 6 the presence of 1mM of L-arabinose and 100µg/mL of ampicillin. Then the expression was maintained in 276 the cell culture until the end of exponential phase. Once the cultures reached an OD 600nm of 1, the cells 277
were centrifuged at 7,000rpm for 7 minutes at 4°C. The cell pellet was then washed into saline water at 278 a concentration of 9g/L of NaCl. A second centrifugation was made and the bacterial pellet was frozen at 279 -80°C. polycarbonate tubes. The ultra-centrifugation was performed at 23,000rpm, for 18h at 4°C using SW28 291 rotor (BECKMAN L-90 ultracentrifuge). The gradient was then fractionated into 500µL aliquots. The 292
OD 260nm values were determined for each fraction to locate the 70S absorbance peak. The corresponding 293
fractions were pooled in one volume of buffer 2 and centrifuged at 30,000rpm for 20h at 4°C in order to 294 remove sucrose. The pellet was recovered in buffer 2 and after titration, the ribosomes were ready for 295 mass spectrometry analysis. 296 297
Negative staining 298
Following ribosome separation, we diluted samples 10 times in Buffer 2 and applied them to freshly 299 glow-discharged 300-mesh collodion/carbon-coated grids. After three washes in this buffer, grids were 300 stained with 2% uranyl acetate for 30 s. sample was loaded. The peptides were detected by directly eluting them from the HPLC column into the 356 electrospray ion source of the mass spectrometer. An electrospray ionization (ESI) voltage of 1.6 kV was 357 applied to the HPLC buffer using the liquid junction provided by the nanoelectrospray ion source, and 358 the ion transfer tube temperature was set to 200 °C. The LTQ-Orbitrap XL instrument was operated in its 359 data-dependent mode by automatically switching between full survey scan MS and consecutive MS/MS 360 acquisitions. Survey full scan MS spectra (mass range 400−2000) were acquired in the Orbitrap sec on 361 of the instrument with a resolution of r = 60 000 at m/z 400; ion injection times were calculated for each 362 spectrum to allow for accumulation of 10 6 ions in the Orbitrap. The ten most intense peptide ions in 363 each survey scan with an intensity above 2000 counts (to avoid triggering fragmentation too early 364 during the peptide elution profile) and a charge state ≥ 2 were sequentially isolated at a target value of 365 10 000 and fragmented in the linear ion trap by collision-induced dissociation. Normalized collision 366 energy was set to 35% with an activation time of 30 ms. Peaks selected for fragmentation were 367 automatically put on a dynamic exclusion list for 30 s with a mass tolerance of ±10 ppm to avoid 368 selecting the same ion for fragmentation more than once. The following parameters were used: the 369 repeat count was set to 1, the exclusion list size limit was 500, singly charged precursors were rejected, 370 and the maximum injection time was set at 500 and 300 ms for full MS and MS/MS scan events, 371
respectively. For an optimal duty cycle, the fragment ion spectra were recorded in the LTQ mass 372 spectrometer in parallel with the Orbitrap full scan detection. 373 374
For Orbitrap measurements, an external calibration was used before each injection series ensuring an 375 overall error mass accuracy below 5 ppm for the detected peptides. MS data were saved in RAW file 376 format (Thermo Fisher Scientific) using XCalibur 2.0.7 with tune 2.4. The data analysis was performed 377
with Firmicutes (2) Deltaproteobacteria (3) Gammaproteobacteria (2) Pseudoalteromonas sp. ND6B
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